Defects in meiotic spindle structure contribute to chromosome segregation errors leading to genomic instability in oocytes and embryos upon fertilization. In this study, we analyzed the mechanisms that control spindle microtubule nucleation and stability in mammalian oocytes, and identified NEDD1/GCP-WD as a key regulator. NEDD1 specifically co-localizes with γ-tubulin and pericentrin at microtubule-organizing centers (MTOCs) in mouse oocytes arrested at prophase-I. During metaphase-I and metaphase-II, the protein remains associated with MTOCs, in a pericentrin dependent manner. Notably, knockdown of Nedd1 transcripts using specific siRNAs resulted in a high incidence (65-70%) of metaphase-I arrest. The arrested oocytes were characterized by disrupted meiotic spindle structure, reduced microtubule density and significant chromosome misalignment. Detection of MAD2 at kinetochores indicated an absence of stable chromosome-microtubule attachment as well as activation of the spindle assembly checkpoint (SAC). Importantly, the disruption of meiotic spindle stability was associated with decreased γ-tubulin at MTOCs in NEDD1-depleted oocytes, as well as a high frequency of chromosome non-disjunction errors leading to aneuploidy (50%) in the oocytes that did progress to metaphase-II. This study demonstrates that NEDD1 is an essential component of acentriolar oocyte MTOCs, which functions in the regulation of meiotic spindle stability. Moreover, it underscores that disruption of spindle stability in oocytes can lead to chromosomes segregation errors that are not fully resolved by SAC.
Introduction
The centrosome is the primary microtubule-organizing center (MTOC) in eukaryotic cells and is typically composed of two centrioles surrounded by pericentriolar material (PCM). One of its main functions is microtubule nucleation, which is dependent on γ-tubulin (Oakley et al., 1990; Stearns and Kirschner, 1994) . This unique tubulin superfamily member is highly conserved and interacts with specific gamma complex proteins (GCPs) to form large γ-tubulin ring complexes (γTuRCs) (Raynaud-Messina and Merdes, 2007; Wiese and Zheng, 2006) . Five GCPs (GCPs 2-6) have been identified in mammalian cells, of which GCP2 and GCP3 are the most abundant and are orthologs of the two γ-tubulin complex proteins in budding yeast (Spc97p and Spc90p). γ-Tubulin also forms a smaller protein complex, γTuSC (γ-tubulin small complex), in association with GCP2 and GCP3 (Moritz et al., 1995; Raynaud-Messina and Merdes, 2007; Wiese and Zheng, 2006; Zheng et al., 1995) . Studies indicate that γTuRCs bind dimers of α-and β-tubulin and catalyze their assembly into microtubules (Moritz and Agard, 2001 ). Disruption of γ-tubulin expression in diverse systems including, A. nidulans, S. pombe, and Xenopus egg extracts perturbs mitotic spindle formation and structure (Job et al., 2003; Raynaud-Messina and Merdes, 2007) . Moreover, knockout of the γ-tubulin gene (Tubg1) in mice leads to embryonic lethality as homozygous null embryos die by the blastocyst stage with critical mitotic spindle defects (Yuba-Kubo et al., 2005) .
γ-Tubulin is a major component of the pericentriolar material of MTOCs and is also present in the cytoplasm. During centrosome maturation at the beginning of mitosis the levels of MTOC-associated γ-tubulin increase significantly (Khodjakov and Rieder, 1999) . Its recruitment to MTOCs is attributed to a newly identified γTuRC associated protein, NEDD1 (Neural precursor cell Expressed Developmentally Down-regulated protein 1), also referred to as GCP-WD. Depletion of NEDD1 by RNAi in human HeLa cells leads to almost complete loss of γ-tubulin from MTOCs and significant spindle defects (Haren et al., 2006; Luders et al., 2006) . NEDD1 is not related to the GCP protein family; instead it is characterized by WD40 repeats in the N-terminal region important for its localization to MTOCs, while the C-terminal end interacts with γ-tubulin (Haren et al., 2006; Luders et al., 2006; Zhang et al., 2009 ). The mammalian gene was originally cloned from mice (Kumar et al., 1994) and is conserved in various species. Although sequence comparisons suggest that yeast lack a NEDD1 homolog, it has been identified in Xenopus (Liu and Wiese, 2008) and plants (Zeng et al., 2009) . Moreover, analysis of the NEDD1 ortholog in Drosophila, Dgp71WD, initially identified it as a novel component of the γTuRC (Gunawardane et al., 2003) . Dgp71WD interacts with all of the γTuRC subunits, but is not necessary for assembly of the complex. Its depletion by RNAi in S2 cell cultures leads to spindle structure defects and weak γ-tubulin staining at MTOCs (Gunawardane et al., 2003; Verollet et al., 2006) . Flies with a mutant allele of Dgp71WD exhibit mitotic defects, a high incidence of aneuploidy and female sterility (Verollet et al., 2006) .
In this study we sought to determine whether the mechanism(s) that regulate γ-tubulin targeting to MTOCs is conserved in mammalian oocytes and is dependent on NEDD1. Meiotic spindle formation in female gametes differs significantly from mitotic cells. Analysis of Drosophila oocytes demonstrates that in contrast to nucleation from two centrosomes, spindle microtubules form around the condensing chromosomes, then organize into a bipolar structure (Matthies et al., 1996; Skold et al., 2005) . Live-cell imaging of mouse oocytes reveals similar microtubule nucleation around the chromosomes upon meiotic resumption, which likely involves RanGTPase activity. In addition, these studies demonstrate that meiotic spindle assembly is also regulated by unique MTOCs (Dumont et al., 2007; Schuh and Ellenberg, 2007) . Mammalian oocyte MTOCs are composed of key PCM proteins essential for microtubule nucleation, including γ-tubulin (Calarco, 2000; Carabatsos et al., 2000; Combelles and Albertini, 2001; Gueth-Hallonet et al., 1993 ), yet lack centrioles (Szollosi et al., 1972; Schatten, 1994) , and have therefore been defined as aggregates (or foci) of pericentriolar material. A single MTOC is normally detected in oocytes arrested at prophase-I. However, upon the resumption of meiosis multiple foci of PCMassociated factors form near the nucleus (Combelles and Albertini, 2001; Can et al., 2003; Schuh and Ellenberg, 2007; Ma et al., 2008) . These newly formed MTOCs vary in shape and size, but all contain γ-tubulin and pericentrin, a key protein that anchors γ-tubulin at the PCM in somatic cells (Zimmerman et al., 2004) . The molecular processes that regulate the recruitment and concentration of PCM proteins for the biogenesis and organization of oocyte MTOCs are not well understood (Schuh and Ellenberg, 2007) . By prometaphase multiple MTOCs begin to localize to the forming spindle poles and then concentrate at both poles in a distinct "O" or "C" shaped configuration during metaphase (Carabatsos et al., 2000; Combelles and Albertini, 2001; Schuh and Ellenberg, 2007; Ma et al., 2008) . While oocyte MTOCs function similarly to centrosomes and are essential for meiotic spindle assembly (Dumont et al., 2007; Schuh and Ellenberg, 2007) , little is known regarding the underlying mechanisms that control microtubule nucleation and organization. In this study, we demonstrate that NEDD1 regulates γ-tubulin recruitment to oocyte MTOCs and meiotic spindle stability, which is essential for accurate chromosome segregation.
Materials and methods

Oocyte collection and culture
The temporal and spatial distribution of NEDD1 protein in oocytes was assessed during the progression of meiosis. All oocytes were obtained from B6D2F1 mice (C57BL/6J × DBA/2J). For recovery of fully grown oocytes, 21 to 23-day old females were injected with 5 IU PMSG (EMD Biosciences) to stimulate pre-ovulatory follicle development. Cumulus cell-oocyte complexes (COCs) were isolated from the ovaries 44 to 48 h later in Minimal Essential Medium (MEM) media supplemented with 3 mg/ml crystallized bovine serum albumin (BSA, from Sigma) and 1 μg/ml of the phosphodiesterase inhibitor, milrinone (Sigma) to maintain prophase-I arrest. To assess GV-intact (prophase-I arrested) oocytes, the cumulus cells were immediately removed by pipetting prior to fixation. For the assessment of oocytes at various stages of meiotic maturation, the COCs were quickly washed and transferred to milrinone-free media for culture. Oocytes undergoing nuclear envelope breakdown (NEB) upon the resumption of meiosis, as well as those at prometaphase and the metaphase-I stages were collected following a 2, 4 and 8 h culture, respectively. At each time, the surrounding cumulus cells were removed by gentle pipetting prior to oocyte fixation. Mature metaphase-II eggs were collected following a 17-h COC culture, or from the oviducts of superovulated females approximately 16 h after treatment with 5 IU hCG (EMD Biosciences). COCs were cultured in MEM supplemented with 3 mg/ml crystallized bovine serum albumin (BSA, from Sigma) and 10% fetal calf serum (Hyclone). All cultures were maintained at 37°C with 5% CO 2 , 5% O 2 and 90% N 2 .
Immunofluorescence analysis
Oocytes were fixed with 4% paraformaldehyde in PEM Buffer (100 mM Pipes, pH 6.9, 1 mM MgCl 2 , 1 mM EGTA) with 0.5% Triton-X for 1 h, then rinsed and blocked in PBS with 5% serum for immunostaining, as previously described (Ma et al., 2008) . A specific rabbit antibody to detect NEDD1 was generously provided by Dr. Kumar who originally cloned the Nedd1 gene (Kumar et al., 1994; Manning et al., 2008) , and mouse anti-NEDD1 was purchased from Novus Biologicals. Additional antibodies were used to detect acetylated tubulin (Sigma), γ-tubulin (Sigma), pericentrin (BD Biosciences) and MAD2 (Covance). CREST antiserum was used to label the centromere-kinetochore complex on chromosomes (Cortex Biochem). In all slides DNA was counterstained with mounting medium containing DAPI (Vector Laboratories). Alexa Fluor conjugated 488 and 555 secondary antibodies were purchased from Molecular Probes (Invitrogen). Fluorescence was assessed using an upright fluorescent microscope and imaging software (Leica Microsystems).
Western blotting
Denuded oocytes were collected and frozen in Laemmli buffer with protease inhibitors. Prior to analysis the samples were thawed then heated to 100°C for 5 min. The proteins were separated in 10% acrylamide gels containing 0.1% SDS, and transferred onto hydrophobic PVDF membranes (Amersham). Membranes were blocked (PBS supplemented with 2% BSA and 0.1% Tween-20) overnight at 4°C, then incubated with anti-NEDD1, for 2 h at room temperature, followed by three (20-min) washes in PBST (PBS with 0.1% . A peroxidase-conjugated secondary antibody (Jackson Immuno Research) was added for 1 h prior to processing using an ECL-plus detection system (Amersham). Additional antibodies used for Western blotting included anti-γ-tubulin (Sigma) and anti-pericentrin (BD Biosciences).
Transcript knockdown in oocytes using specific siRNAs
To assess NEDD1 function, short interfering RNAs (siRNA), approximately 20-25 nucleotides in length, were used to knockdown transcript levels in oocytes. A solution of four specific pre-designed and validated siRNAs directed against the mouse Nedd1 gene sequence was obtained from Qiagen. Control groups included (i) non-injected oocytes that were subject to the same culture conditions as well as (ii) oocytes injected with control non-specific siRNAs (Qiagen). Approximately, 10 pl of a 1 μM solution of the siRNAs were microinjected directly into the cytoplasm of denuded, fully grown, oocytes arrested at prophase-I in M2 medium supplemented with 1 μg/ml milrinone (Ma et al., 2008) . Sterile Femtotip capillaries and a Femptojet microinjector (Eppendorf) were used to standardize injection volumes. The oocytes in each group were maintained in prophase-I arrest for 24 h in milrinone supplemented MEM media to permit sufficient transcript knockdown, then washed and transferred to milrinone-free MEM for an additional 17-h culture to undergo meiotic maturation. Initial control experiments were undertaken to determine the efficacy of the Nedd1-specific siRNAs. At the end of culture, each group of oocytes was processed for Western blot analysis to assess NEDD1 levels in total protein extracts. In subsequent experiments, the oocytes were fixed for immunodetection of NEDD1, and to assess the progression of meiosis as well as chromosome and meiotic spindle configurations by immunofluorescence analysis. Spindle microtubules were detected using an anti-acetylated tubulin antibody and the chromosomes stained with DAPI. Immunofluorescence analysis of both γ-tubulin and pericentrin at MTOCs was also undertaken in control and NEDD1-depleted oocytes. Detection of MAD2 at kinetochores was used as an indication of the status of chromosome-microtubule interactions and spindle checkpoint activation in oocytes (Homer et al., 2005) . In separate experiments, a similar siRNA approach was used to assess the influence of pericentrin on NEDD1 localization to oocyte MTOCs. In brief, specific siRNAs directed against the pericentrin (Pcnt) mouse gene sequence were microinjected into oocytes. Controls included (1) non-injected oocytes and (2) oocytes injected with non-specific siRNAs. Following a 17-h culture in milrinone-free media, the oocytes were fixed for immunodetection of NEDD1 and pericentrin at MTOCs.
Analysis of chromosome number
To assess for possible chromosome segregation errors, total chromosome numbers were determined in the oocytes that progressed to metaphase-II from the control and Nedd1 siRNA groups. For chromosome spread preparation, oocytes were exposed to acid Tyrode's solution (Sigma) for 2 min at 37°C to remove the surrounding zona pellucida. After a brief recovery in MEM/BSA, the oocytes were transferred onto glass slides and fixed in a solution of 1% PFA with 0.1% Triton-X 100. To facilitate accurate chromosome counts the centromere-kinetochore complex was labeled with CREST antiserum. Centromeric labeling of each sister chromatid also allowed recognition of possible premature separation of sister chromatids (PSSC) as well as whole chromosome non-disjunction errors. Immunochemistry was performed in blocking buffer (1 mg/ml BSA in PBS, 0.01% Triton-X 100) containing CREST antiserum for 2 h at 37°C, and Alexa Flour conjugated goat anti-human IgG was used as the secondary antibody (Molecular Probes). DNA was counterstained in mounting medium with DAPI before image capture for chromosome counts. A normal chromosome complement at metaphase-II contained 40 CREST signals, representing labeled kinetochores at each of the two sister chromatids of the 20 chromosomes. Detection of more or less than 20 chromosomes with a corresponding even number of paired CREST signals indicated whole chromosome non-disjunction, while unpaired and/or an odd number of sister chromatids were indicative of premature sister chromatid separation errors.
Statistical analysis
All data are presented as mean percentages (± s.e.m.) of a minimum of three independent experimental replicates. For evaluation of the differences between groups, all percentages were subjected to arcsine transformation. The transformed data were analyzed by ANOVA and comparison of all pairs by Tukey-Kramer HSD using JMP Start Statistics (SAS Institute Inc.). Differences were considered significant when P b 0.05.
Results
NEDD1 co-localizes with γ-tubulin at MTOCs in mouse oocytes
NEDD1 was detected, and specifically co-localized with γ-tubulin, at the single MTOC in prophase-I arrested oocytes ( Fig. 1, a-d ). The MTOC was normally located near the oocyte cortex and characterized by two bright NEDD1-positive foci in close apposition. No overt differences were noted between oocytes with either a non-surrounded (NSN) or surrounded (SN) nucleolar chromatin configuration (data Fig. 1 . NEDD1 localizes to oocyte MTOCs during prophase-I arrest and the resumption of meiosis. Oocytes were collected and fixed during prophase-I arrest (a-d, n = 84), the beginning of meiotic resumption showing initial condensing of chromatin (e-h, n = 70) and early prometaphase (i-l, n = 78) with individualized chromosomes evident, after a 0, 0.5 and 2-h culture, respectively. For immunofluorescence analysis the oocytes were double-labeled with specific anti-NEDD1 and anti-γ-tubulin antibodies, then counterstained with DAPI. NEDD1 is shown in red (arrows), γ-tubulin in green (arrows) and DNA in blue. Insets show a 4× magnification. 10 μm scale bars. CC: chromatin condensation. not shown). Acquisition of a SN configuration correlates with transcriptional repression in oocytes as well as an increased capacity to resume and complete meiosis (Debey et al., 1993) . To assess NEDD1 localization during the resumption of meiosis, oocytes were released from prophase-I arrest by transfer to milrinone-free media and fixed at 30-min intervals for 2 h. Within 30 min of culture, multiple bright aggregates (foci) of NEDD1 were observed in close proximity to the nucleus (Fig. 1 , e-h). At this early stage of meiotic resumption, the chromatin begins to condense. After a 2-h culture (Fig. 1 , i-l) the majority of oocytes contained individualized chromosomes at prometaphase, with multiple NEDD1 foci detected in proximity to the chromosomes as well as in the cytoplasm. Importantly, during prophase-I arrest as well as the resumption of meiosis all NEDD1 foci specifically co-localized with γ-tubulin (Fig. 1, d, h, l) .
During both metaphase-I ( Fig. 2A, a-d ) and metaphase-II ( Fig. 2A , i-l), distinct signals for NEDD1 were detected at the meiotic spindle poles in an "O" or "C" shaped configuration, as well as multiple distinct bright foci in the cytoplasm. In addition to the spindle poles, previous studies have identified discrete MTOCs within the cytoplasm of mouse oocytes. This population of cytoplasmic MTOCs does not exhibit microtubule-nucleating activity during M-phase despite the expression of γ-tubulin (Maro et al., 1985; Schuh and Ellenberg, 2007; Ma et al., 2008) . Faint labeling of NEDD1 in the cytoplasm and on the spindle microtubules was also observed. However, upon chromosome segregation, during the anaphase to telophase-I transition ( Fig. 2A , e-h) only a few small foci of NEDD1 are detected near the chromosomes and within the oocyte cytoplasm. No NEDD1 was detected in the midzone of the telophase spindle. Notably, NEDD1 specifically co-localized with γ-tubulin (Fig. 2B, a-d) and pericentrin (Fig. 2B, e-h ) at the meiotic spindle poles as well as cytoplasmic MTOCs at metaphase I. Similar to γ-tubulin, NEDD1 co-localized with pericentrin at MTOCs during the prophase-I as well as the progression of meiosis (data not shown). These data identify NEDD1 as a component of meiotic acentriolar MTOCs in oocytes. Fig. 2 . NEDD1 co-localizes with γ-tubulin and pericentrin at oocyte MTOCs. (A) Representative images of oocytes at specific stages of meiotic maturation, including metaphase-I (a-d, n = 75), the anaphase to telophase-I transition (e-h, n = 55) and metaphase-II (i-l, n = 80) fixed after an 8-10 or 17 h culture, respectively. NEDD1 (red, arrows) localization was assessed in relation to spindle microtubules detected with anti-acetylated tubulin (green). (B) Metaphase-I oocytes were double-labeled with anti-NEDD1 (red, arrows) and anti-γ-tubulin (a-d, n = 65), or, anti-NEDD1 and anti-pericentrin (e-h, n = 72) antibodies. DNA is shown in blue and γ-tubulin as well as pericentrin in green. Insets show a 2× magnification of the spindle pole area. Pb-1: First polar body. ⁎Cytoplasmic MTOCs. 10 μm scale bars.
NEDD1 localization to oocyte MTOCs is dependent on pericentrin
In somatic cells, pericentrin is reported to bind and anchor various proteins, including γ-tubulin, to the pericentriolar material of MTOCs (Zimmerman et al., 2004) . To test whether the localization of NEDD1 to oocyte MTOCs is dependent on pericentrin, specific siRNAs were microinjected into oocytes to knockdown pericentrin (Pcnt) transcripts (Fig. 3) . After a 17-h culture, the oocytes from the uninjected and non-specific siRNA controls as well as the Pcnt siRNA group were fixed for immunofluorescence analysis. The oocytes were double-labeled with anti-pericentrin and anti-NEDD1 antibodies. Bright signals for pericentrin and NEDD1 were consistently detected at MTOCs in the oocytes from the uninjected and nonspecific siRNA control groups (Fig. 3A, a-d) . In direct contrast, immunoflourescence analysis revealed little or no pericentrin staining at the spindle poles or cytoplasmic MTOCs in oocytes injected with Pcnt siRNAs (Fig. 3A , e-h), indicating efficient depletion of the protein in oocytes. Western blot analysis (Fig. 3B ) confirmed a notable reduction in total pericentrin protein levels, while NEDD1 levels were unaltered, in oocytes from the Pcnt siRNA group. Despite sustained total protein levels, NEDD1 staining at MTOCs was very weak or undetectable in pericentrin-depleted oocytes (Fig. 3A, g ), although it was still discernible diffusely throughout the cytoplasm and in association with the spindle microtubules. Fluorescence analysis (Fig. 3C ) demonstrated bright NEDD1 staining at MTOCs in over 85% of the total oocytes from the uninjected and non-specific siRNA controls, but only in less than 10% of Pcnt siRNA injected oocytes. In all oocytes, the loss of NEDD1 at MTOCs was coupled with depletion of pericentrin, and indicates that NEDD1 associates with oocyte MTOCs in a pericentrin dependent manner.
Depletion of NEDD1 in oocytes by specific siRNAs promotes arrest at metaphase-I To assess function, Nedd1 transcripts were knocked down in oocytes using specific siRNAs directed against the mouse gene sequence. Both Western blot and immunofluorescence analysis revealed efficient protein depletion (Fig. 4) . NEDD1 levels were reduced in total protein extracts from oocytes injected with Nedd1-specific siRNAs relative to the control group. However, re-probing the same membrane demonstrated equivalent γ-tubulin levels in both groups, supporting Nedd1 siRNA specificity (Fig. 4A) . Immunofluorescence analysis also confirmed a significant decrease in NEDD1 localized at spindle poles and cytoplasmic MTOCs in oocytes injected with Nedd1 siRNAs. In over 85% of control oocytes, MTOCs were brightly labeled with anti-NEDD1, compared to less than 15% of the oocytes injected with Nedd1 siRNAs in which only very dim or no NEDD1 foci were detected (Fig. 4B) . Moreover, no clear NEDD1 staining on spindle microtubules was observed in the NEDD1-depleted oocytes. At the end of a 17-h culture, DAPI labeled DNA configurations were assessed to determine meiotic maturation rates and revealed a high incidence (65-70%) of metaphase-I arrest in the Nedd1 siRNA group (Fig. 4C) , indicating that NEDD1 participates in regulating the progression of meiosis. Evaluation after a 2-h culture showed no difference in the timing of meiotic resumption, as approximately 75-80% oocytes from both the non-specific control (n = 88/116) and Nedd1 siRNA (n = 117/147) groups had resumed meiosis and contained condensing chromatin. Analysis of the timing of polar body emission revealed that oocytes injected with control siRNAs extruded the first polar body between 8 and 11 h in culture. While very few NEDD1-depleted oocytes extruded the first polar body by 8 h, approximately 19-28% did so between 10 and 11 h in culture (Fig. 4D) . Loss of NEDD1 promotes meiotic spindle defects, chromosome misalignment and spindle checkpoint activation Immunofluorescent labeling of DNA and spindle microtubules ( Fig.  5A ) with DAPI and anti-acetylated tubulin, respectively, demonstrated that meiotic spindle and chromosome organization were highly disrupted in NEDD1-depleted oocytes. Following a 17-h culture, the majority of oocytes from the uninjected and non-specific siRNA control groups was at metaphase-II and contained organized, barrelshaped, spindles with aligned chromosomes and bright NEDD1 labeling at both spindle poles (Fig. 5A, a-d) . In sharp contrast, the majority of oocytes (approximately 70%) from the Nedd1 siRNA group remained at metaphase-I and contained disrupted spindle structures (Fig. 5B) , characterized by very weak labeling with anti-acetylated tubulin, and significant chromosome misalignment (Fig. 5A, e-h ). Scattered and lagging chromosomes were frequently detected within the spindle area. Disorganized as well as broader and shorter spindle structures were also observed. Fluorescence analysis (pixel intensity) of microtubules labeled with an anti-acetylated tubulin antibody verified weak labeling in oocytes from the Nedd1 siRNA group. Assessment of metaphase-I oocytes from all groups revealed that fluorescence intensity of the meiotic spindle was reduced by approximately 60% in the NEDD1-depleted group relative to the controls (Fig. 5C ), and indicates a reduced density of spindle microtubules. Moreover, consistent with data obtained by Western blotting (Fig. 4A ) the relative fluorescence intensity for NEDD1 at MTOCs was reduced to approximately 20% in NEDD1-depleted oocytes.
The significant chromosome misalignment observed in NEDD1-depleted oocytes pointed to a lack of stable interaction with spindle microtubules. Therefore, we assessed the localization of MAD2 in metaphase I-stage oocytes (n = 26) from the Nedd1 siRNA group (Fig.  5D ). Specific signals for MAD2 were detected in 80% (n = 21/26) of the oocytes with precise localization to the centromere-kinetochore complex confirmed by double labeling with CREST antiserum. Of the MAD2 positive oocytes, only four showed signals on all chromosomes while the majority of oocytes exhibited MAD2 signals in different numbers of chromosomes, ranging from 1 to 16. Detection of MAD2 at kinetochores indicates spindle assembly checkpoint (SAC) activation and, hence, that the majority of metaphase-I arrested oocytes in the Nedd1 siRNA group lack stable chromosome-microtubule attachments.
High incidence of aneuploidy in NEDD1-depleted oocytes that progressed to metaphase-II
Despite the high rate of metaphase-I arrest, approximately 25-30% of NEDD1-depleted oocytes did complete the first meiotic division and progressed to metaphase-II. To test whether the disruption of meiotic spindle stability and chromosome-microtubule attachment lead to chromosome segregation errors, total chromosome numbers were determined in metaphase-II stage oocytes (Fig.  6 ). Chromosome spreads of oocytes labeled with CREST antiserum were successfully analyzed from three independent replicates of the uninjected and non-specific siRNA controls as well as the Nedd1 siRNA group. Caution was taken to analyze only oocytes in which the chromosomes were grouped together and exclude those with scattered chromosome spreads. The fewer oocytes assessed in the Nedd1 siRNA group reflect the lower number of oocytes that progressed to metaphase-II. Normal (euploid) oocytes contained a total of 20 chromosomes with 40 distinct CREST signals, which label each kinetochore of the two sister chromatids per chromosome (Fig.  6A, a-c) . Oocytes containing more or less than 20 chromosomes with corresponding paired CREST signals were classified as aneuploid, resulting from non-disjunction of homologs (Fig. 6A, d-f) . In all groups very few oocytes (less than 4%) contained single chromatids, indicating an absence of significant premature sister chromatid separation errors. However, our analysis revealed that the incidence of whole chromosome non-disjunction errors in the Nedd1 siRNA group was significantly (P b 0.05) higher than either control group (Fig. 6B) , with approximately 50% of the NEDD1-depleted metaphase-II oocytes containing an abnormal chromosome number. In all groups, the aneuploid oocytes were characterized by the gain or loss of one to three chromosomes. 
Decreased γ-tubulin at MTOCs in NEDD1-depleted oocytes
Additional experiments addressed whether the reduced microtubule density in oocytes following NEDD1 knockdown may be attributed to a disruption in γ-tubulin localization to MTOCs as reported in mammalian somatic cells (Haren et al., 2006; Luders et al., 2006) . In the majority of oocytes from both the uninjected (88.5%, n = 138/156) and non-specific siRNA (92.1%, n = 139/151) control groups, γ-tubulin consistently co-localized with NEDD1 at the meiotic spindle poles as well as the minus-end spindle microtubules (Fig. 7A,  a-d) . In direct contrast, immunodetection of bright γ-tubulin at MTOCs was only detectable in less than 10% of oocytes (8.3%, n = 12/ 144) from the Nedd1 siRNA group (Fig. 7A, e-h ), although the protein was clearly observed in the cytoplasm. Reduced γ-tubulin was evident at both spindle pole and cytoplasmic MTOCs in NEDD1-depleted oocytes. Relative fluorescence analysis of metaphase-I oocytes showed that γ-tubulin staining at meiotic spindle pole MTOCs was reduced to approximately 25-30% in the NEDD1-depleted group compared to the controls (Fig. 7B) . Our data also suggest reduced γ-tubulin association with spindle microtubules, however, bright staining in the cytoplasm prevented accurate assessment. Importantly, there was no difference in total γ-tubulin protein levels between the control and Nedd1 siRNA group of oocytes as detected by Western blotting (Fig. 4A ), pointing to a disruption specifically in the localization of γ-tubulin at oocyte MTOCs. In contrast to γ-tubulin, pericentrin staining at MTOCs was bright in all groups (Fig. 7C) , including the uninjected (92.2%, n = 75/77) and non-specific siRNA controls (94.6%, n = 83/89) as well as oocytes injected with the Nedd1 siRNAs (90.0%, n = 79/88). Relative fluorescence analysis indicated a discernible, although not significant, decrease in pericentrin detected at spindle pole MTOCs of NEDD1-depleted oocytes (Fig.  7D ). These data indicate that depletion of NEDD1 specifically disrupts γ-tubulin recruitment to oocyte MTOCs.
Discussion
In this study we demonstrate that NEDD1 is a component of acentriolar MTOCs in mammalian oocytes, which is critical for meiotic spindle stability and accurate chromosome segregation. Depletion of NEDD1 in oocytes using specific siRNAs disrupted meiotic spindle structure, with a significant decrease in spindle microtubule density associated with reduced γ-tubulin at MTOCs. In turn, disruption of spindle stability promoted activation of the spindle assembly checkpoint (SAC) and arrest at metaphase-I. Notably, oocytes that completed the first meiotic division exhibited a high frequency of chromosome non-disjunction errors leading to aneuploidy at metaphase-II. This indicates that disruption of meiotic spindle stability in oocytes can lead to chromosomes segregation errors that are not fully resolved by SAC.
NEDD1 is a component of acentriolar MTOCs in mammalian oocytes
NEDD1 co-localized with both γ-tubulin and pericentrin at oocyte MTOCs during prophase-I arrest as well as metaphase-I and metaphase-II. Faint NEDD1 labeling in the oocyte cytoplasm and spindle microtubules was also noted. The protein is presumably recruited from the cytoplasm to the multiple bright foci of PCMassociated factors that form upon the resumption of meiosis and eventually organize into distinct MTOCs in oocytes. During metaphase-I, NEDD1 concentrates at the meiotic spindle poles as wells as discreet cytoplasmic MTOCs. Previous studies demonstrate that in contrast to spindle pole MTOCs, cytoplasmic MTOCs do not exhibit microtubule-nucleating activity during M-phase in oocytes despite the expression of γ-tubulin (Maro et al., 1985; Carabatsos et al., 2000; Combelles and Albertini, 2001 ). Our detection of NEDD1 further supports the localization of γTuRCs to both populations of MTOCs in the oocyte, indicating that lack of overt microtubule-nucleation from cytoplasmic MTOCs during M-phase is not attributable to an absence of γTuRCs. NEDD1 expression at MTOCs is reduced with anaphase-I onset, but accumulates again during metaphase-II. This dynamic pattern of NEDD1 localization at oocyte MTOCs during the progression of meiosis is similar to that of γ-tubulin and pericentrin (Carabatsos et al., 2000; Combelles and Albertini, 2001; Schuh and Ellenberg, 2007) . It is also analogous to the cell-cycle dependent distribution observed in somatic cells, which demonstrate significantly increased levels of centrosomal NEDD1 with entry into mitosis (Haren et al., 2006) . To our knowledge, this is the first study to identify NEDD1 as a component of mammalian oocyte MTOCs. Moreover, our studies demonstrate that NEDD1 concentration at oocyte MTOCs is dependent on pericentrin, and was disrupted by knockdown of Pcnt transcripts. In contrast, knockdown of NEDD1 did not significantly affect the localization of pericentrin to MTOCs. This is consistent with studies in HeLa cells, showing a key role for pericentrin in NEDD1 localization to centrosomes (Zhu et al., 2008a). In somatic cells pericentrin has been identified as a key scaffolding protein that interacts with and anchors γ-tubulin, in addition to other regulatory proteins, to MTOCs (Zimmerman et al., 2004) . Notably, recent studies demonstrate that pericentrin together with Cep192 (centrosomal protein 192) plays a critical role in the concentration of key proteins such as NEDD1, at the pericentriolar material necessary for centrosome maturation and increased microtubule nucleating activity upon entry into mitosis (Gomez-Ferreria et al., 2007; Zhu et al., 2008a) . While imaging studies have previously demonstrated the localization of pericentrin at oocyte MTOCs (Carabatsos et al., 2000; Schuh and Ellenberg, 2007) , its specific function has not been tested. Our current observations that knockdown of Pcnt transcripts significantly reduces MTOC-associated NEDD1 indicate that pericentrin function is conserved in mammalian oocytes, to some extent, and is critical for the localization of key proteins at MTOCs.
NEDD1 participates in the regulation of meiotic spindle stability
NEDD1 function in oocytes was tested using specific siRNAs to knockdown transcript levels. Both Western blot and immunofluorescence analysis confirmed the successful reduction of NEDD1 protein, which promoted significant disruptions in the meiotic spindle as well as extensive chromosome misalignment. Notably, fluorescence (pixel) intensity values from the uninjected control group were standardized to 100, and compared to oocytes from the non-specific and Nedd1 siRNA groups (n = 15 oocytes per group). Different letters denote statistical differences between groups at P b 0.05.
an observed decrease in spindle microtubule density in NEDD1-depleted oocytes suggests a potential disruption in microtubule nucleation and/or stability. Moreover, only weak staining for γ-tubulin at MTOCs was detected in NEDD1-depleted oocytes, despite unaltered total protein levels. These data indicate that NEDD1 participates in the regulation of γ-tubulin recruitment to oocyte MTOCs, essential for microtubule nucleation and meiotic spindle stability. Loss of MTOC-associated γ-tubulin promotes meiotic disruptions similar to total γ-tubulin depletion. Knockdown of γ-tubulin in mouse oocytes using a siRNA approach leads to significant meiotic arrest between GVBD and metaphase-I. Moreover, the oocytes that reached metaphase-II contained significantly smaller meiotic spindles with misaligned chromosomes as well as reduced polar body size (Barrett and Albertini, 2007) . Our current data support the importance of γ-tubulin and further demonstrates that its specific localization to oocyte MTOCs is critical for meiotic spindle stability and thus the progression as well as accuracy of meiotic division. Importantly, pericentrin localization to MTOCs in NEDD1-depleted oocytes was stable and supports the premise that loss of NEDD1 specifically influences γ-tubulin recruitment and does not promote a broad disruption of MTOC protein composition. These observations resemble γ-tubulin disruptions reported in NEDD1 depletion studies with mammalian somatic cells (Haren et al., 2006; Luders et al., 2006) and points to a conserved function for NEDD1 in oocytes. Despite the significant reduction, MTOC-associated γ-tubulin was never fully ablated from NEDD1-depleted oocytes. While residual γ-tubulin at MTOCs might reflect incomplete Nedd1 transcript knockdown in oocytes, it is also possible that γ-tubulin targeting to oocyte MTOCs is not solely dependent on NEDD1, but also regulated by additional mechanisms. For example, studies in Drosophila demonstrate that γ-tubulin can localize to centrosomes as part of γTuSCs that lack NEDD1 (Verollet et al., 2006) . γTuSCs also assemble in mammalian somatic cells and disruption of the protein levels of its components reduces γ-tubulin at MTOCs (Fant et al., 2009) . Moreover, specific kinases such as Aurora A and Polo like kinase 1 (Plk1) have also been reported to regulate γ-tubulin recruitment to MTOCs (Lane and Nigg, 1996; Terada et al., 2003) . Disruption of either kinase in mouse oocytes promotes meiotic spindle defects, although the underlying mechanisms are not well understood (Pahlavan et al., 2000; Tong et al., 2002; Saskova et al., 2008) . Further investigation is also needed to address the possibility that NEDD1 might serve additional functions in oocytes. Recent studies with Xenopus egg extracts and plant cells indicate that NEDD1 significantly influences the regulation of microtubule organization (Liu and Wiese, 2008; Zeng et al., 2009) .
In addition to MTOCs, both γ-tubulin and NEDD1 localize to spindle microtubules. Depletion of NEDD1 in Drosophila as well as human HeLa cells reportedly abolishes γ-tubulin at spindle microtubules (Haren et al., 2006; Luders et al., 2006; Verollet et al., 2006) . The levels of microtubule-associated γ-tubulin were also significantly reduced in Xenopus egg extracts following disruption of NEDD1 (Liu and Wiese, 2008) . Our immunostaining data does suggest reduced γ-tubulin labeling on meiotic spindle microtubules in NEDD1-depleted oocytes. However, bright γ-tubulin staining in the oocyte cytoplasm precluded accurate quantitative assessment. Moreover, it was not possible to discern whether weak γ-tubulin staining on microtubules reflects lower microtubule density, or might be a direct consequence of NEDD1 depletion. In somatic cells, recent studies point to a key role for microtubule-associated γ-tubulin and NEDD1 in a unique pathway that promotes microtubule amplification. In this process, γ-tubulin reportedly promotes the polymerization of additional microtubules in a manner that is dependent on microtubules, but independent of MTOCs or chromatin (Zhu et al., 2008b) . A key protein, FAM29A, was identified as being essential for the recruitment of NEDD1 specifically to spindle microtubules, but not MTOCs. Disruption of FAM29A expression abolishes NEDD1 at microtubules and reduces the number of microtubules in kinetochore fibers that bind to chromosomes, which in turn activates the spindle checkpoint and increases the number of cells at metaphase (Zhu et al., 2008b (Zhu et al., , 2009 ). These studies indicate that disruptions in microtubule-associated NEDD1, therefore, can also contribute to loss of spindle stability and chromosome-microtubule attachment. However, whether the proposed mechanism of microtubule amplification operates in mammalian oocytes is not known.
Knockdown of NEDD1 promotes MI-arrest, chromosome segregation errors, and aneuploidy Disruption of meiotic spindle stability in NEDD1-depleted oocytes was associated with significant chromosome misalignment as well as a high incidence of metaphase-I arrest. These data emphasize that meiotic spindle stability is crucial for the progression of meiosis. Our detection of MAD2 at kinetochores indicated the absence of stable chromosome-microtubule attachment in NEDD1-depleted oocytes and activation of the spindle assembly checkpoint (SAC), which prevents anaphase onset until all chromosomes are correctly attached to the spindle apparatus. Various studies have demonstrated the expression and function of key spindle checkpoint proteins, including MAD2, in mammalian oocytes (Homer et al., 2005; Niault et al., 2007; Leland et al., 2009; McGuinness et al., 2009) . Although the majority of NEDD1-depleted oocytes arrested at metaphase-I, approximately 25-30% completed the first meiotic division. Importantly, however, these oocytes were prone to chromosome segregation errors, specifically non-disjunction of homologs, resulting in a very high number of aneuploid metaphase-II oocytes from the Nedd1 siRNA group. No significant increase in premature separation of sister chromatids was detected, indicating sustained chromosome cohesion at the centromeres in NEDD1-depleted oocytes. The observed mis-segregation of homologs, underscores likely errors in chromosome-microtubule attachment in oocytes with meiotic spindle defects. There was a delay in the timing of polar body extrusion in NEDD1-depleted oocytes that escaped metaphase-I arrest relative to control oocytes, indicating SAC activity. However, further comprehensive studies are needed to assess whether SAC failed to fully monitor errors in bivalent chromosome attachment, or SAC activation was not sufficiently effective to sustain metaphase-I arrest. We speculate that NEDD1-depleted oocytes that mature to metaphase-II may potentially exhibit less severe meiotic spindle defects, which might not promote effective checkpoint activation. While SAC is clearly functional in oocytes, the physiological conditions that instigate SAC activation are still not well understood. For example, the onset of anaphase-I is not delayed in oocytes from XO mice, despite lack of X-chromosome alignment at metaphase (Lemaire-Adkins et al., 1997) . Moreover, subsequent studies have shown that the timing of polar body extrusion as well as APC cdc20 activity that promotes securin and cyclin B degradation were accelerated following depletion of Cdh1, an activator of the anaphase-promoting complex (APC). Anaphase-I onset occurred following cdh1 knockdown despite the absence of fully congressed chromosomes and indicates that bivalent orientation in oocytes is not fully monitored by various SAC components (Reis et al., 2007) . A recent report also suggests that the high incidence of age-associated aneuploidy in oocytes is not likely to be attributed to defects in SAC function (Duncan et al., 2009 ). In the current study, chromosome segregation errors were evident despite functional SAC. This suggests that a limited number of unattached chromosomes may not efficiently promote SAC activation. Alternatively, considering the significant disruption of spindle microtubule nucleation or stability, it is possible that microtubule-chromosome attachments are not effectively maintained after anaphase-I onset.
Clearly, further studies are warranted to assess the potential contribution of meiotic spindle defects in chromosome segregation errors, with a specific emphasis on age-associated aneuploidy in oocytes. Nonetheless, our observations demonstrate that disruption of the mechanisms that are essential for meiotic spindle stability in oocytes can lead to chromosome segregation errors, which are not fully resolved by SAC. This study provides critical new information regarding the underlying mechanisms that regulate meiotic spindle assembly in mammalian oocytes and demonstrate that MTOC-associated NEDD1 plays a key role in regulating meiotic spindle stability. Depletion of NEDD1 disrupts γ-tubulin targeting to oocyte MTOCs leading to disruptions in spindle structure and microtubule density, which activates the spindle assembly checkpoint. Notably, oocytes that escape arrest at metaphase-I exhibit a high incidence of chromosome segregation errors. This suggests that perhaps more subtle defects in meiotic spindle stability, which may be insufficient to promote effective meiotic arrest, pose a potentially significant risk in contributing to aneuploidy at metaphase-II.
